Pulse wave analysis (PWA) is widely used to investigate systemic arterial stiffness. The augmentation index (AIx), the primary outcome derived from PWA, is influenced by the mean arterial pressure (MAP), age, gender and heart rate (HR). Gender-and age-specific reference values have been devised, and it is recommended that the MAP be used as a statistical covariate. The AIx is also commonly statistically adjusted to a HR of 75 b·min
Introduction
Pulse wave analysis (PWA) has emerged as a noninvasive, valid 1) , reliable 2) and widely used technique for evaluating the augmentation index (AIx), an indicator of systemic arterial stiffness. A recent PubMed database search (June 07, 2013) revealed 1,902 articles that utilized the PWA technique. The popularity of the PWA is not surprising considering that the method is inexpensive, portable and simple to conduct. Nevertheless, the most appropriate mathematical expression off AIx is at present unclear. In particular, there is uncertainty regarding the normalization of the AIx to heart rate (AIx@75).
Measurement
A number of commercial devices are available to automate PWA assessments. Such devices apply tonometry, oscillometry, volume plethysmography or photo plethysmography to measure the pulse waveform, typically at a peripheral site. Applanation tonometry is considered the gold standard and is the most widely used technique 3) . The most commonly used device, the SphygmoCor (AtCor Medical, Sydney, Australia), utilizes applanation tonometry to record the radial artery pulse waveform. The peak and trough of the radial pulse wave is calibrated to the systolic and diastolic blood pressure measured in the brachial artery, and a generalized transfer factor is then used to generate the corresponding aortic arterial waveform 4) . increment. The slope was steeper than that observed in the previous study, indicating some variability.
Interpretation of the Central Pulse Wave

Reliability of the AIx and Influence of Normalization to HR
Any valid technique utilized to measure physiological variables must be reproducible. The Intraclass Correlation Coefficient (ICC) values for repeated measurements obtained at hourly or weekly intervals have been reported to be 0.72-0.90 for the AIx 2, 13, 14) , which compares favorably with the values (ICC: 0.92-0.97) reported for the carotid-femoral pulse wave velocity [15] [16] [17] . Unfortunately, few trials have reported the reproducibility of HR-corrected Aix values 2, 18, 19) ; only one study, as far as we are aware, reported both AIx and AIx@75 2)
. Papaioannou et al. 2) reported that the within-day ICC for the AIx improved from a mean (SD) of 0.86±0.11 to 0.90±0.08 when normalized to the HR, while the between-day ICC improved from 0.72±0.19 to 0.75±0.15. These findings, obtained in 22 healthy patients (36.4±13.7 y; 10 men), must be corroborated. The reliability of the AIx may be further improved by following standardblood pressure, arrival time of the reflected waves at the central aorta (Tr), augmentation pressure (AP) and AIx can be derived. Tr represents the time from the onset of the ejected pulse waveform to the onset of the reflected wave and is a surrogate for aortic pulse wave velocity, i.e., a shorter Tr indicates increased aortic arterial stiffness 5) . The AP is normally interpreted as the additional aortic systolic pressure generated by the return of the reflected waves at the central aorta, expressed in absolute terms 3) . The AIx is the AP as a percentage of the central pulse pressure and is a composite measurement of aortic wave reflection and central arterial stiffness 6) .
Variables Influencing the AIx
The AIx directly increases with MAP 7) and age 8) , is higher in women than in men 8) and is inversely related to body height 9) and heart rate (HR) 10, 11) . For this reason, gender-8) and age-specific 8) reference values have been devised. Furthermore, it is recommended that the MAP be used as a covariate if the populations significantly differ 12) . Statistically adjusting for differences in HR has also been recommended 10, 11) . Based on a correction factor derived from two studies 10, 11) , the SphygmoCor automatically adjusts the AIx at an inverse rate of 4.8% for each 10 b · min −1 increment (for HR values between 40 and 110 b · min −1 ). In a study conducted in 22 subjects (age range: 21-84 y) with permanent cardiac pacemakers, incremental pacing (from 60 to 110 b · min −1 ) altered the AIx in a lin- ness is of primary interest. In support, Tr, a measure of the aortic pulse wave velocity, did not change significantly with cardiac pacing 10) . In contrast, an earlier study by the same group 11) reported a trend toward a decrease in Tr associated with cardiac pacing from 60-110 b · min −1 (137 ms cf. 134 ms, p = 0.09). This trend is further supported by the findings of Lantelme et al. 34) who reported an increased aortic pulse wave velocity with cardiac pacing from 60 b · min −1 to 100 b · min −1 (13.5 m/s cf. 15.1 m/s, p = 0.01). The latter two studies suggest that increased aortic arterial stiffness, that is the change in AIx, is at least partly attributable to changes in arterial properties rather than cardiac input wave morphology. It should be noted, however, that the reproducibility of Tr has been reported to be fair to good (ICC: 0.43-0.84) 2, 13, 14) , and, given the low sample size of the two aforementioned studies (n = 20 and 22, respectively), these findings must be interpreted with caution. Stefanadis et al. (1998) reported reduced local aortic stiffness and increased distensibility during incremental ventricular pacing 35) , which stands in further contrast to the results of similar or increased stiffness reported by Wilkinson 10, 11) and Lantelme 34) . Conversely, an observational study (n = 253) reported that a high HR is strongly associated with reduced carotid artery distension and an elevated aortic pulse wave velocity, even after adjusting for age and blood pressure 36) . These discrepant findings imply that the relationship between HR and central arterial stiffness may be altered if the HR remains chronically elevated. Furthermore, these findings suggest that it may be appropriate to normalize to the HR for a given patient if acute serial measurements are obtained and compensation for changes in wave morphology (including ventricular ejection) due to the HR is being attempted. However, normalization of serial measurements obtained in a given patient over a prolonged time course requires careful consideration, as do comparisons between patients.
Is it Statistically Appropriate to Normalize the AIx to HR ?
The following questions must be addressed: (1) Was the correct statistical model used to establish the current linear interpolation normalization factor ? (2) Currently, the AIx is corrected to the HR using linear interpolation; is this method appropriate ? (3) Is linear interpolation appropriate physiologically ? In order to answer these questions, we must first reanalyze the two studies by Wilkinson et al. 10, 11) , from which the correction factor is derived. These two studies regressed ized guidelines 12) .
Validity of the AIx and Influence of Normalization to HR
Arterial stiffness is an important determinant of cardiovascular risk and can be assessed using a number of techniques, including local arterial compliance, pulse wave velocity and PWA. The AIx, which is derived from PWA, indicates the contribution made by the reflected pressure wave to the ascending aortic pressure waveform 6) . The amplitude and speed of the reflected wave are dependent upon arterial stiffness and the AIx thus reflects systemic arterial stiffness 6) . There is evidence that increased aortic wave reflections have adverse effects on ventricular afterload and coronary perfusion, and the pathological role of aortic wave reflections has been demonstrated in several diseases 3, 20, 21) . Furthermore, increased central arterial wave reflections have been reported to be significantly correlated to the degree of coronary artery disease 22) and to independently predict cardiovascular risks and mortality 1)
. We conducted a PubMed database search (Jan 23, 2013) to identify interventional or case control studies reporting both AIx and AIx@75 values. Twelve studies were identified and examined to determine whether normalizing AIx to HR influences the interpretation of the findings (Table 1) . Eight studies reported significantly improved between-group/condition differences using the AIx@75 versus the AIx alone [23] [24] [25] [26] [27] [28] [29] , two studies reported no significant differences using the AIx but a significant difference using AIx@75 30, 31) , one study reported a decrease in significance using the AIx@75 32) and one study reported a change in the direction of the effect 33) . Given these findings, careful interpretation of the physiological significance of normalization to HR is warranted.
Is it Physiologically Appropriate to Normalize the AIx to HR ?
Augmentation of the central systolic pressure is influenced by the HR, as an increase in the HR will decrease the absolute duration of systole, effectively shifting the reflected wave into diastole, thereby reducing the AIx 10, 11) . Wilkinson et al. 10) argued that the reduction in AIx associated with cardiac pacing is a mathematical manifestation of a shorter ejection duration and subsequent altered pulse contour, rather than decreased arterial stiffness per se. In effect, this view attributes changes in the AIx to altered cardiac input rather than arterial properties, of which arterial stiff- , which includes a random subject effect to account for correlations among the data. Second, the use of linear interpolation assumes that the relationship between the HR and AIx is the same for all populations, which cannot be ascertained from two small sample studies 15, 16) . Lastly, a cross-sectional study found a positive relationship between HR and arterial stiffness 36) , which is at odds with the negative relationship observed in pacing studies 10, 11, 35) . These findings suggest that there may be an important physiological chronic interaction between HR and arterial stiffness. Therefore, while normalizing to HR using linear interpolation may decrease shortterm measurement variability, this practice may potentially lead to inferential error. A more appropriate practice may be to include HR as an independent predictor or covariate; this approach is particularly recommended for longitudinal studies, in which changes in HR may help to explain changes in arterial stiffness 36) .
Conclusion
The augmentation index, derived from PWA, is widely used to investigate systemic arterial stiffness. The AIx is known to be influenced by age, height, gender, MAP and HR. Accordingly, gender-and agespecific reference values have been devised, and it is recommended that the MAP be entered as a covariate in any statistical analysis. The AIx is also commonly statistically adjusted to a HR of 75 b · min −1 using a correction factor derived from two small sample studies. This approach may be physiologically and statistically inappropriate. First, there appears to be an important physiological chronic interaction between HR and arterial stiffness. Second, not only was the HR correction factor derived using an inappropriate statistical model, the method of correction assumes that the relationship between HR and arterial stiffness is the same for all populations. A more appropriate practice may be to include the HR as an independent predictor or covariate. This approach is particularly recommended for longitudinal studies, in which changes in HR may help to explain changes in arterial stiffness.
